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We report the genomic DNA sequence of a single chromosome (linkage group 22; LG22) of the small teleost fish medaka (Oryzias latipes) as a
first whole chromosome sequence from a non-mammalian vertebrate. The order and orientation of 633 protein-coding genes were deduced from
18,803,338 bp of DNA sequence, providing the opportunity to analyze chromosome evolution of vertebrate genomes by direct comparison with
the human genome. The average number of genes in the “conserved gene cluster” (CGC), a strict definition of “synteny” at the sequence basis,
between medaka and human was 1.6. These and other data suggest that approximately 38.8% of pair-wise gene relationships would have been
broken from their common ancestor in the human and medaka lineages and further imply that approx 20,000 (15,520–23,280) breaks would have
occurred from the entire genome of the common ancestor. These breaks were generated mainly by intra-chromosomal shufflings at a specific era in
the vertebrate lineage. These precise comparative genomics allowed us to identify the pieces of ancient chromosomes of the common vertebrate
ancestor and estimate chromosomal evolution in the vertebrate lineage.
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of chromosomal rearrangement events took place in various
sizes of DNA segments during evolution. Such events are
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and function of genes and their regulatory mechanisms. Thanks
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doi:10.1016/j.ygeno.2006.09.003For elucidation of chromosome evolution in the vertebrate
lineage, the genomic DNA sequences from the fish lineage are
essential. However, the genomic and evolutionary analyses
between the tetrapods and the fishes are limited because
genomic DNA sequences of fishes with a high quality
comparable to that of the human genome are not yet available.
In the fish lineage, the whole genome shotgun (WGS) data have
been available for two pufferfishes, TakiFugu rubripes and
Tetraodon nigroviridis [1,2]. In general, the WGS data with
numerous sequence scaffolds has been extremely useful for the
genomic analysis of the most chromosomal regions. However,
125T. Sasaki et al. / Genomics 89 (2007) 124–133the WGS data are inappropriate to apply to the analysis of gene
order and orientation because they contain numerous sequence
gaps and wrong alignments of sequences. Therefore, we
assumed that contiguous sequence data of a single chromosome
with precise gene order and orientation from a given species are
indispensable to provide critical information for the elucidation
of chromosome evolution in the vertebrates. We chose medaka
as one of the model organisms from the non-mammalian
vertebrates for genomic DNA sequencing.
Medaka (Oryzias latipes) is a small teleost fish for which
well-established genetic and genomic resources such as inbred
strains, EST information, and BAC libraries are available.
Hence, medaka has become an excellent laboratory model
comparable to zebrafish [3,4]. The medaka genome consists of
24 pairs of chromosomes and its haploid DNA size is estimated
to be 800 Mb, only one-fourth of the human genome and less
than half of the zebrafish genome, but twice as large as the
pufferfish genome [3,5,6]. Previous studies by fossil analysis
suggested that medaka and zebrafish diverged 160–110 million
years (Myr) ago, whereas medaka and pufferfish diverged 80–
60 Myr ago [3]. However, recent molecular clock analysis
suggested the divergence time of medaka and zebrafish to be
277 Myr ago and that of medaka and pufferfish to be 184 Myr
ago [7,8]. Thus, the divergence time of zebrafish from medaka
or pufferfish is three times longer than the divergence time
between human and mouse (89 Myr ago) [9,10]. Linkage group
22 (LG22) is one of the smallest chromosomes in the medaka
genome and is relatively rich in genes compared to other
medaka chromosomes. It was also shown that several orthologs
of known genes on medaka LG22 are located on Tetraodon
chromosome 10, zebrafish chromosome 17, and several human
chromosomes [11,12]. Therefore, we chose LG22 as the first
medaka chromosome for generation of high-quality DNA
sequence data with accurate annotation. For this purpose, we
have constructed BAC contigs of ∼20 Mb using medaka BAC
libraries and have sequenced each BAC clone by the shotgun
sequencing method [13,14].
Here, we describe the molecular features of the medaka
LG22 DNA. The entire DNA sequence of a single medaka
chromosome provided the evidence for molecular features
unique to medaka such as gene density and distribution of
repetitive elements. The DNA sequence comparison with two
pufferfishes (Takifugu and Tetraodon) revealed that the
ancestral chromosomes in the medaka and pufferfish lineage
were well conserved during 184 Myr of evolution after their
divergence. In contrast, the detailed comparison of the medaka
LG22 gene organization with human chromosomes revealed
that the ancestral chromosomes in the vertebrate lineage were
substantially rearranged by numerous inter-chromosomal trans-
location and intra-chromosomal shuffling.
Results
Construction of BAC contigs of the medaka chromosome
To construct BAC contigs of medaka chromosome LG22, we
chose 17 EST markers as anchor points that were mapped onthis chromosome and used them as hybridization probes on
high-density replica filters made of the medaka BAC library of
the Hd-rR strain [15]. To extend BAC contigs to adjacent BAC
clones in both directions, we performed chromosome walking
using the 4D-PCR screening system [14,16]. The medaka BAC
library of the Cab strain was also screened to fill clone gaps that
remained in the contigs of the Hd-rR BAC clones [17]. Finally,
LG22 was covered by 127 BAC clones (124 BAC clones from
Hd-rR BAC library and 3 BAC clones from the Cab BAC
library) and interrupted by only five clone gaps, one of which is
in the centromere (Fig. 1A, Supplementary Table 1). The order
and direction of BAC contigs were confirmed by FISH analysis
and the Hd-rR–HNI F2 panel with polymorphic markers
between Hd-rR and HNI (Figs. 1B–1D). However, the direction
of three BAC contigs located at the end of the LG22 p arm could
not be determined because these BAC contigs were too short
(200–300 kb) to determine recombination points within each of
these BAC contigs (see supplementary data for details of clone
gaps).
DNA sequencing and data assembly
The DNA sequence of each BAC clone was determined by
shotgun sequencing. About 5.4× coverage of DNA sequence
was obtained from each BAC clone and assembled using 768
shotgun clones as described previously [13,14].
DNA sequence of overlap regions between two BAC clones
was confirmed with shotgun clones derived from these BAC
clones. The order and direction of each contig in the BAC clone
were determined by bridge clone information and exon
information. Furthermore, WGS assembly results (build
200406, National Institute of Genetics (NIG), Mishima) for
medaka and pufferfishes (Tetraodon build 7, Takifugu build 2.0)
were used as reference for determining order and direction of
unordered contigs in the above step. To construct the contiguous
DNA sequence of whole chromosome LG22, the size of the
clone gaps between the two contigs was treated as 300 kb each,
and gaps within each BAC DNA sequences were treated as
100 bp. We also found five unclonable deletions in the BAC
clones. The lengths of these regions were estimated by BAC
fingerprint data (see supplementary information for details). We
finally determined the genomic DNA sequence of 18,803,338 bp
spanning over the medaka chromosome LG22.
Molecular features of medaka chromosome LG22
The overall GC content of LG22 is 40.9%; almost the same
as in the human and mouse genomes, but about 5% lower than
pufferfish genomes (Takifugu and Tetraodon) (Figs. 1G and
Fig. 2A [1,2,18–20]. Average GC content of all the exons is
51.6%, about 10% higher than the overall GC content of LG22
(40.9%).
To know the distribution of repetitive elements in the medaka
genome, we established the Keio medaka repeat database
(version 1.1) by extracting sequence elements that appeared
multiple times in the genomic sequence of LG22, excluding
repeated sequences that were apparently derived from
Fig. 1. Landscape of medaka chromosome LG22. (A) BAC contigs. Black bars indicate individual BAC clones, and red, green, and yellow bars indicate BAC clones
used for FISH analysis in (D). The blue bar indicates a BAC clone used for FISH analysis in (E). A BAC clone used as a FISH probe for hGCr is labeled with an
asterisk. Gray vertical wide lines indicate clone gaps. Red and green horizontal bars drawn under the BAC contigs indicate the probed regions for complete paint FISH
analysis of LG22 (C). (B) Meiotic distance. Blue and red lines indicate meiotic distance in male and female meiosis, respectively. (C) Two-color FISH analysis to paint
LG22 completely with pooled BAC clones. Probes are indicated in (A). (D) Multicolor FISH analysis to confirm order of contigs. Probes are indicated in (A). (E) FISH
analysis to confirm the position of the centromere. Probe for red signals is indicated as blue bar (Md0172F16) in (A) and green signal is a marker for LG22
(Md0187J22). (F) FISH analysis for the high GC% region. Probe for red signals is indicated with asterisk (Md0168K12) in (A) and green signal is a marker for LG22
(Md0187J22). (G) GC% distribution in human, mouse, Takifugu, Tetraodon, and medaka chromosome LG22. Window size is given.
126 T. Sasaki et al. / Genomics 89 (2007) 124–133duplicated genes. These repetitive elements were divided into
eight classes (retrovirus, LTR, LINE, SINE, ITR, DNA
transposon, and satellite) and unclassified repetitive elements.
Analysis with RepeatMasker2 indicated that the sum of these
repetitive elements and simple repeats occupied 28.5%
(5,360,478 bp) of the LG22 DNA sequence (Fig. 2, Table 1).
The abundant repetitive elements in the medaka LG22 are LINE
and ITR. Especially, ISLANDS1_OL belonging to the LINE is
the most frequent repetitive element in LG22, occupying
551,794 bp and 2.9% of the whole LG22 sequence (data not
shown). Also, medaka LG22 contains a variety of unclassified
repetitive elements that are scattered throughout the chromo-
some. This situation is similar to those of two pufferfishes but
different from that of human, the genome of which contains
large amounts of Alu and L1 [18,19]. There are nine kinds of
satellite sequences in the medaka LG22, including two large
satellite regions (Fig. 2I). Particularly, BAC Md0172F16
contained multiple copies of satellite sequence that is composed
of four satellite units (335, 338, 363, and 551 bp) in a complex
manner in the 70-kb region, so that further chromosome
walking was impossible. This 70-kb region was located near the
centromere of LG22, and hence, we assumed that it may
represent the flanking region of the centromere. To confirm this,
we analyzed its chromosomal distribution by FISH using BAC
Md0172F16 as a probe (Fig. 1E). Interestingly, FISH signals
were found in the centromeric regions of three other medaka
chromosomes. Thus, this satellite sequence was confirmed to
represent the centromeric regions of several medaka chromo-somes, and the gap between Md0168I09 and Md0172F16 is
likely to be the actual centromere of LG22.
The difference in recombination rate between male and
female meiosis was determined using the meiotic mapping panel
of Hd-rR–HNI strains and the resulting meiotic distance was
compared with the physical distance of LG22 DNA (Fig. 1B). In
the female, the ratio between genetic and physical distance was
almost the same throughout the entire region of LG22, whereas
the recombination of male meiosis was suppressed at the central
region of the chromosome (6.8–18.0 Mb: Md0160M07–
Md0171P20). However, no particular association was found
between these results and the features of the DNA sequence (GC
content, exon density, and repetitive content) in LG22.
A distinct 140-kb region with very high GC content (∼60%;
hGCr) and low interspersed type repetitive content (1.6%) was
found (Fig. 2, a peak marked with an asterisk, Md0206E01 and
Md0168K12). A BLAST search in the hGCr indicated no gene
and no homologous sequence in the public database except for
the medaka WGS data at NIG (build 200406); therefore the
sequence in the hGCr must be medaka-specific. By BLAST
search against medaka WGS scaffolds, over 700 scaffolds
showed homology to portions of hGCr (data not shown).
Although most of the scaffolds were too short to evaluate the
precise coverage of these scaffolds, 17 major WGS scaffolds
covered half of the hGCr. To confirm this, we examined the
chromosomal distribution of the hGCr sequence by FISH
analysis with BAC clone Md0168K12 as a probe (Fig. 1F).
Interestingly, at least 14 hybridization signals were detected on
Fig. 2. Molecular features of medaka chromosome LG22. The clone gaps and the unsequenced regions by deletion of BAC clone in Escherichia coli are indicated by
gray vertical lines. “Cen.” indicates the position of the centromere. The window size of all analyses was 10 kb. (A) GC content. The asterisk indicates the high-GC
region (hGCr). (B) Exon density. (C) Total repetitive element content. (D–K) The content of LTR, LINE, SINE, ITR, DNA_TP, satellite, simple repeat, and
unclassified repeat.
127T. Sasaki et al. / Genomics 89 (2007) 124–133several different chromosomes in addition to LG22, indicating
that the parts of hGCr and related sequences are spread over the
medaka genome.
Genes on medaka chromosome LG22
We identified 633 protein-coding genes, 18 RNA genes
that apparently produce novel transcripts without codingTable 1
Repetitive elements in medaka LG22
Kind Frequency Length
(bp)
Average
length
(bp)
%
(vs LG22)
%
(vs LG22
rep)
Retrovirus 1 2 607 303.5 0.0 0.0
LTR 29 262 162,232 619.2 0.9 3.0
LINE 35 2,115 1,046,664 494.9 5.6 19.5
SINE 9 1,153 166,646 144.5 0.9 3.1
ITR 27 5,019 1173,904 233.9 6.2 21.9
DNA_TP 46 2,624 669,951 255.3 3.6 12.5
Satellite 9 498 240,250 482.4 1.3 4.5
Simple repeat 113 4,978 219,896 44.2 1.2 4.1
Unclassified 2017 12,708 1,680,328 132.2 8.9 31.3
Total 2286 29,359 5,360,478 182.6 28.5 100sequence, and 7 pseudogenes (Supplementary Table 2). The
average number of exons in the 633 protein-coding genes is
10.0, and the average size of coding and noncoding exons is
183 bp (Table 2). The average number of coding exons per
gene is 9.6, which is not much different from Takifugu
(8.8), Tetraodon (6.9), mouse (8.8), and human (9.0). The
overall gene density of medaka LG22 is 33.7 genes/Mb,
which is four times higher than that of the human genome
(approx 8 genes/Mb) [18,19]. Like mouse and human,
medaka genes are distributed unevenly along the chromo-
some LG22; the most gene-rich region contains 20 genes in
200 kb DNA (Md0215P12–Md0206E01), whereas the most
gene-poor region contains only 1 gene in 517 kb DNA
(Md0170O13–Md0156B18). More than half of these genes
(61.4%; 389/633) were supported by currently available
medaka ESTs.
The protein-coding genes were classified into four classes
based on the presence or absence of their orthologs in other
vertebrate genomes. Of 633 protein-coding medaka genes, 588
class 1 genes had obvious human orthologs as counterparts, 18
class 2 genes had medaka paralogs that were apparently
generated by gene duplication and one of the duplicated
medaka paralogs showed greater similarity to human orthologs,
Table 2
Characteristics of annotated genes in medaka LG22 and comparison to other species
Medaka LG22 Human a Mouse b Tetraodon c Takifugu d
Size (bp) 18,803,338 2,863,476,365 2,604,449,128 342,351,780 393,296,343
Annotated genes 633 22,218 25,615 27,918 22,102
Average number of exons per gene 10.0 9.9 8.8 7.1 — e
Average number of coding exons per gene 9.6 9.0 8.3 6.9 8.8
Average gene size (bp) 10,932 50,391 37,880 4,779 —e
Average cDNA size (bp) 1,836 2,459 2,032 1,352 1,464
Average coding sequence size (bp) 1,584 1,498 1,373 1,215 1,463
Average exon size (bp) 183 248 231 192 166
a http://www.ensembl.org/Homo_sapiens/index.html, ver. 34.35g.
b http://www.ensembl.org/Mus_musculus/index.html, ver. 34.34b.
c http://www.genoscope.cns.fr/externe/tetranew/.
d http://www.fugu-sg.org/.
e Not determined.
128 T. Sasaki et al. / Genomics 89 (2007) 124–13315 class 3 genes had no human homologs, and 12 class 4
genes seemed apparently generated by tandem duplication as
gene clusters. For 31 of 45 class 2 through class 4 genes, we
found orthologs in other species, Takifugu, Tetraodon,
zebrafish, Xenopus, and chicken (Supplementary Table 3).
The medaka-specific genes in class 3 (7/15) were supported by
the presence of spliced ESTs, but most of these genes contain
shorter ORFs (100–269 aa, average 146 aa). Therefore, some
of these may be noncoding transcripts. The medaka-specific
genes in class 4 (7/12; FLJ14490L, SPINTL1, SPINTL2,
PTAFR2, PTAFR3, PTAFR4, and MAPLBP1L) were obviously
generated by tandem genome duplication events involving
regions containing the known original genes after divergence
of pufferfish and medaka.
We found five interesting genes that are present in fishes,
Xenopus, and chicken, but absent from human and mouse, for
example, Md0164L24.novel1, belonging to the tumor necro-
sis factor receptor superfamily, located between MRPL35 and
ZFYVE28 on medaka LG22 (Supplementary Fig. 2A). An
ortholog of Md0164L24.novel1 is located between WHSC1
and WHSC2 in fishes, Xenopus, and chicken; however, no
ortholog of Md0164L24.novel1 was found in human and
mouse. The comparison of genomic DNA sequence revealed
that the genomic region between WHSC1 and WHSC2 was
deleted in human and mouse (Supplementary Fig. 2B). These
results indicate that the ortholog of Md0164L24.novel1
would have been lost in the mammalian lineage after
divergence from the common ancestor of chicken and
mammals.
We also found two clusters of T cell receptor β (TCRB) genes
located in tandem on medaka LG22 (Fig. 3). The comparative
analysis with known TCRB sequences revealed 14 variable
region exons (V), 11 joining region exons (J), and 1 constant
region exon (C) in the first TCRB1 cluster and 23 V's, 10 J's,
and 1 C in the second TCRB2 cluster. TCRB1 and TCRB2
might have been generated by segmental duplication. It should
be noted that the basic structure of the medaka TCRB cluster
lacking D exon is identical to the human TCRA cluster and
horned shark TCRB cluster, in contrast to the human TCRB
cluster, which has D exons [21].The presence of 18 RNA genes as class 5 was supported by
their spliced ESTs, four of which were found also in pufferfish
(data not shown). None of these novel RNA genes encode
microRNA-like sequences. Only 7 pseudogenes were found in
medaka LG22 and all of them were unprocessed pseudogenes.
They are all located adjacent to each of their original active
counterparts. Therefore, these pseudogenes must have been
generated by local segmental duplication events. In human,
approximately 80% of pseudogenes are processed types that are
generated by retrotransposition events [18,19]. Previous study
also revealed that these processed pseudogenes in the primate
lineage were mostly generated in the same era when the burst
formation of Alu and certain subfamilies of L1 took place 40–
50 Myr ago [22]. Both processed pseudogenes and Alu
sequences require the reverse transcriptase that is derived
from LINEs or other retrotransposable elements to be inserted
into the genome DNA. These results suggested no burst
formation of SINE in the medaka lineage, resulting in few
processed pseudogenes.
Common ancestral chromosomes between medaka and
Tetraodon
Previous analysis suggested that medaka LG22 and Tetraodon
chromosome 10 might have been derived from a common
ancestral chromosome [11,12,23]. The DNA sequence compar-
ison between these two chromosomes by dot-plot analysis
indicated several events of inversion and intra-chromosomal
translocation after divergence of medaka and Tetraodon (Fig. 4,
Tetraodon build 7). There is no dotted line in a 2.0-Mb region
(21.8–23.8 Mb) of medaka LG22, suggesting the absence of a
corresponding region on Tetraodon chromosome 10. However, a
homology search againstTetraodonWGSsequence data revealed
seven scaffolds that cover this region. Thus, a high degree of one-
to-one correspondence was found between medaka LG22 and
Tetraodon chromosome 10. Such correspondence between
medaka and Tetraodon was also found in other chromosomes
except for some fused chromosomes [12]. These findings indicate
that inter-chromosomal translocation rarely occurred in the
pufferfish and medaka lineages after their divergence.
Fig. 4. Genomic sequence comparison between medaka chromosome LG22 and Tetraodon chromosome 10. Ten scaffolds (over 200 kb) in Tetraodon chromosome 10
are shown with their registered number at the left. Seven Tetraodon scaffolds correspond to the 2.0-Mb (21.8–23.8 Mb) region of medaka chromosome LG22.
Fig. 3. Two distinct clusters of Tcell receptorβ (TCRB) genes onmedaka chromosome LG22. (A) Genomic structure of TCRB1 and TCRB2.Each TCRB cluster consists
of variable region exons (V), joining region exons (J), and a constant region exon (C). (B) Self-to-self comparison of genomic sequence within the TCRB region. Two
distinct kinds of duplications are shown: one is a V duplication within TCRB2 and the other is a J and C duplication including the intronic regions of TCRB1 and TCRB2.
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Fig. 5. Analysis of orthologs between medaka chromosome LG22 and the human genome. (A) Distribution of the conserved gene cluster (CGC) among medaka
chromosome LG22 and human chromosomes. The CGC is classified into five groups by the number of included genes and they are shown in different colors. (B)
Distribution of orthologs between medaka LG22 and human chromosomes 1, 2, 6, 14, and 15. Triangles in each row represent the position and direction of genes in
each species.
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We examined the chromosomal localization of human
orthologs of 588 class 1 medaka genes (Fig. 5A, Table 3).
Among these orthologous genes, 248 genes (42.2%) are located
on human chromosome 14 and 59 genes (10.0%) on human
chromosome 15. A previous report indicated that human
chromosomes 14 and 15 are the fission products of the
mammalian ancestral chromosome [24]. Therefore, these results
suggest that most of these 307 genes might have been located on
the ancestral chromosome common to medaka and mammals.
Most of the remaining 173 genes are located on three otherTable 3
Conserved gene clusters (CGC) between medaka LG22 and human
chromosomes
Human
chromosome
No. of
genes (%)
No. of
CGCs
Single
genes
Ave. gene
No. in CGC
Ave. gene No.
in CGC + single
1 68 (11.6) 9 49 2.1 1.2
2 57 (9.7) 13 23 2.6 1.6
3 26 (4.4) 6 10 2.7 1.6
4 18 (3.1) 4 8 2.5 1.5
5 6 (1.0) 0 6 — 1.0
6 48 (8.2) 10 17 3.1 1.8
8 11 (1.9) 2 4 3.5 1.8
10 1 (0.2) 0 1 — 1.0
11 2 (0.3) 0 2 — 1.0
12 2 (0.3) 0 2 — 1.0
14 248 (42.2) 58 76 3.0 1.9
15 59 (10.0) 14 22 2.6 1.6
19 25 (4.3) 2 21 2.0 1.1
20 12 (2.0) 3 4 2.7 1.7
21 5 (0.9) 1 3 2.0 1.3
Total 588 122 248 2.8 1.6human chromosomes, 1, 2, and 6. Altogether, these five human
chromosomes represent 81.6% (480/588) of the human genes
that are orthologous to medaka LG22 genes. Thus, a strong
relationship is evident between medaka LG22 and these five
human chromosomes. Then, we considered these five human
chromosomes as good targets for further investigating the
possible intra-chromosomal shuffling in the tetrapod and fish
lineages. The order and direction of LG22 genes are widely
shuffled on the five human chromosomes showing multiple
segmental inversions of various sizes (Fig. 5B). Furthermore,
genomic sequence comparison between medaka LG22 and
human chromosome 14 confirmed the occurrence of complex
intra-chromosomal shuffling events (Fig. 6). A typical example
of such intra-chromosomal shuffling is seen in the 3.5-Mb
region of human chromosome 14 and in the 0.7-Mb region of
medaka LG22 (a gray rectangle in Fig. 6), where 35 orthologs
are located as 13 blocks (Supplementary Fig. 1A). The 2D-
chromosomal breakpoint graph analysis based on the Hannen-
halli–Pevzner algorithm indicated that during evolution only 11
inversion events from a common ancestral chromosome
generated the current gene order between human and medaka
(Supplementary Figs. 1B and 1C) [25]. These events should
have occurred in many places of the genome, resulting in the
current gene order and orientation seen in the medaka and
human chromosomes.
Conserved gene clusters (CGCs) in human and medaka
chromosomes
We examined the presence of “gene blocks” in which the
order and orientation of two or more genes are conserved
among species without interruption by any other genes. This is a
stricter definition of the genetic concept of “synteny” based on
Fig. 6. Genomic sequence comparison between medaka chromosome LG22 and human chromosome 14. Detailed information on the boxed region is given in the text.
131T. Sasaki et al. / Genomics 89 (2007) 124–133the genomic DNA sequence data. We termed such a gene blocks
as “conserved gene clusters.” The human–medaka CGCs
(hmCGCs) were conserved in both the human and the medaka
lineage, thus each hmCGC might be a piece of the ancient
chromosome of the common vertebrate ancestor and would
allow us to estimate how many breaks in pair-wise gene
relationships happened after the break from the common
ancestor of vertebrates. Among 588 medaka genes and human
orthologs, we found 122 CGCs consisting of 338 genes (57.5%,
Table 3, see Supplementary Table 4 for details). As a result, the
average number of genes within the hmCGC was calculated to
be 1.6 by counting CGCs of unclustered genes as 1.0.
Discussion
We have determined the DNA sequence of medaka
chromosome LG22 spanning over 19.2 Mb. Through computa-
tional and manual annotation, we identified 633 protein-coding
genes in LG22 and found the presence of 588 human orthologs.
Sequence comparison between medaka LG22 and Tetraodon
chromosome 10 revealed only a few events of intra-chromo-
somal shuffling. Analysis of 588 human orthologs indicated that
these orthologs were located mainly in human chromosomes 1,
2, 6, 14, and 15. Among these, 338 genes constituting 122
CGCs would have derived from ancient chromosomes of the
common vertebrate ancestor.
The analysis based on CGC revealed that the average
number of genes in the hmCGC was calculated to be 1.6. This
number represents the ratio of the total number of the pair-
wise gene relationship to the total number of “breaks” in the
pair-wise gene relationship. Therefore, we deduced the
number of conserved pair-wise gene relationships between
two species by the average number of genes in CGCs
(Supplementary Fig. S3). Average number of genes in CGC
(n) means the ratio of the total number of pair-wise gene
relationships (N) to the total number of breaks in the pair-wise
gene relationship (B):
N=B ¼ n:
Total number of conserved pair-wise gene relationships (C)
is the difference between N and B:
N=ðN  CÞ ¼ n:Therefore, the rate of conserved pair-wise gene relationship
in total number of pair-wise gene relationships is shown by the
following calculation:
C=N ¼ 1 ð1=nÞ:
In the case of the hmCGC calculated by comparison between
the human genome and medaka LG22, the average number of
genes in the hmCGC was calculated to be 1.6, therefore, we
deduced that 37.5% (1−1/1.6) of the pair-wise gene relation-
ships in the common ancestral chromosome of human and
medaka were conserved during evolution (Supplementary Fig.
3A). Assuming that the disturbance of the CGC took place
anywhere at random, we calculated that 61.2% (square root of
0.375 = 0.612) of the pair-wise gene relationships of the
ancestral chromosomes are conserved equally in medaka and
human (Supplementary Fig. 3B), in other words, 38.8% of
original pair-wise gene relationships in the ancestral chromo-
somes would have been broken in each lineage. Actually,
genomic sequence comparison revealed that 11 events of
intra-chromosomal shuffling in the 0.7-Mb (12.8–13.5 Mb)
region of LG22 had occurred in the human and medaka lineages
(Supplementary Fig. 1C). Extrapolating this number to the
genome size (800 Mb) of medaka (11×800/0.7), it was
estimated that 12,571 events of intra-chromosomal shuffling
might have occurred in the human and medaka lineages.
Currently, the precise gene number for the common vertebrate
ancestor is unknown; however, various genome projects have
indicated that gene numbers for vertebrates are 20,000–30,000
(human, 20,000–25,000; mouse, 30,000; and chicken, 20,000–
23,000) [19,20,26]. The latest data in the Ensembl database
(August 2006) also indicate the number of vertebrate genes in
the range of 20,000–30,000. Based on these data, we
hypothesized the common vertebrate ancestor would have
possessed 20,000–30,000 genes. Applying this gene number,
we calculated that each human and medaka lineage might have
received 7760–11,640 breaks in original pair-wise gene
relationships in the ancestral chromosomes, and hence
15,520–23,280 breaks would have occurred in the human and
medaka lineage.
The ancestral chromosomes appeared well conserved
between medaka and pufferfish, and their divergence time
is estimated to be 80–60 Myr ago by fossil analysis, or 184
Myr ago by molecular clock analysis [3,8,11]. In contrast,
132 T. Sasaki et al. / Genomics 89 (2007) 124–133the ancestral chromosomes in the mammalian lineage were
altered by numerous interchromosomal translocations and
intra-chromosomal shuffling during the past 100 Myr of
evolution [27,28]. These results suggest that the breaks in
pair-wise gene relationships happened unequally in the
vertebrate lineage.
Other major events of breaks in pair-wise gene relationships
might be whole genome duplication (WGD) in the fish lineage.
There is a strong evidence that WGD occurred in the teleost
lineage 350–320 Myr ago, and then those duplicated chromo-
somes were subjected to massive small deletions [2]. However,
such small deletions must have occurred in either one of the
duplicated chromosomal regions, so that complete loss of
duplicated genes was avoided. In these evolutionary steps,
breaks in pair-wise gene relationships must have happened.
Therefore, WGD would have been one of major events for
breaks in pair-wise gene relationships in the vertebrate lineage.
In this study, we provided high-quality DNA sequence data
for the selected medaka chromosome (LG22) by clone-by-clone
strategy. The comparative genomics with annotation allowed us
to identify the pieces of ancient chromosomes of the common
vertebrate ancestor. Moreover, it was estimated that 38.8% of
original pair-wise gene relationships in the ancestral chromo-
somes would have been broken in each human and medaka
lineage. Further comprehensive study should reveal the
dynamic process of genome alteration during the early stages
of vertebrate evolution.
Methods
Screening of the medaka BAC libraries
Two kinds of medaka BAC libraries (Hd-rR and Cab strains) were screened
for construction of the BAC contigs covering the whole medaka LG22 [15,17].
The colony hybridization and 4D-PCR screening against these two BAC
libraries were carried out as described previously [16].
FISH analysis
BAC clones from different contigs of LG22 were separately labeled with
biotin-16–dUTP or digoxigenin-11–dUTP (Roche Diagnostic) using standard
nick-translation. Hybridization, signal detection, and image analysis were
carried out as described [29]. To ascertain the cytological orientation directly on
metaphase chromosomes, three BAC clones were labeled separately with
diethylaminocoumarin-5–dUTP (NEN), fluorescein-12–dUTP (Roche Diag-
nostic), biotin-16–dUTP, or digoxigenin-11–dUTP (Roche Diagnostic).
Meiotic distance
Male and female meiotic mapping panels were constructed from an
intercross of Hd-rR×HNI F2 progeny. Seventeen markers contained within
LG22 were used to detect the polymorphism between the Hd-rR and the HNI
alleles. Marker segregation was analyzed using a reference mapping panel and
MapMaker Macintosh version 2 [30].
Determination of the DNA sequence of the BAC clones
The screened BAC DNA was purified by ultracentrifugation and was
sheared to 4-kb DNA fragments by HydroShear (GeneMachine). The DNA
fragments were treated with Klenow fragment, T4 DNA polymerase, and
polynucleotide kinase and then were cloned into the pUC118/Hinc II plasmidvector. The Escherichia coli XL1Blue MRF′ were transformed with these
DNAs; we picked the 768 clones of transformed E. coli. The plasmid DNAs
were amplified with the TempliPhi DNAAmplification Kit (GE Healthcare) and
reacted with BigDye 3.1 (Applied Biosystems) for determination of DNA
sequence from both ends of the pUC118 vector. DNA sequencing of these was
carried out by analysis with a 3730 DNA analyzer and the trace data were
assembled with PhredPhrapConsed. The DNA sequence of overlap regions
between adjacent BAC clones was determined with shotgun clones derived from
both BAC clones.
Analysis of DNA sequence of medaka LG22
GC content was calculated by the in-house program “Base content
calculator.” The repetitive elements were detected by RepeatMasker2 with
Keio medaka repeat database (version 1.1). The classification of repetitive
elements was referred to in a previous report [18]. The density of exons and
repetitive elements was calculated by the in-house program “Rate calculator.”
The window size of these calculations was 10 kb.
Gene identification
In the annotation process, a BLAST search was carried out against medaka
ESTs, Takifugu genes and genomic sequences, and human protein sequences.
Furthermore, a homology search was carried out against the human protein
database using GENSCAN-predicted amino acid sequences, and then exon
regions were identified using Wise2 [31,32]. These results were integrated into
our annotation database (Keio Medaka database) to display all the genes in a
single picture (Medaka Ensembl). We then manually analyzed the data to extract
genes. Finally, a representative gene model was obtained for each gene
(Supplementary Table 2).
Comparison genomic sequence among medaka, tetraodon, and human
BLASTZ was used to align the genomic sequence of medaka LG22,
tetraodon chromosome 10, and human chromosome 14 after repetitive
sequences were masked [33]. Homologous regions were displayed using
Advanced PipMaker (http://pipmaker.bx.psu.edu/pipmaker/).
Identification of human orthologs and CGC between medaka and
human
Human orthologs for medaka LG22 genes were basically determined by
TBLASTX. In the cases in which there was no or a small difference in the
homology score between the best hit and the other hits, we chose the orthologs
by phylogenetic tree analysis among other species including mouse, chicken,
Xenopus, zebrafish, Tetraodon, and Takifugu. The CGC between medaka and
human was identified by comparison between human genome data of Ensembl
version 37 (http://www.ensembl.org/Homo_sapiens/index.html) and our
medaka data with manual evaluation.
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